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PREFACE 


The work done in drawing 15 ) this thesis was done at the General 
Electric Company in Schenectady, New York, from February to May, 1949, 

It was done in order to evaluate the feasibi3j.ty of using a liquid me¬ 
tal heat treinsfer medium at elevated temperatteres. The writer’s inter¬ 
est along these lines was aroused by the engineers of the General En¬ 
gineering and Consulting Laboratory of General Electric Company, These 
engineers have the problem of extracting heat from a prime heat source 
at high temperatures and are in sesirch of the roost effective method of 
accomplishing this. 

Appreciation is e^spressed to Professor Harold A. Johnson, on leave 
from the University of Californis, for guidance and assistance in this 
thesis. Professor Johnson is at present doing heat transfer work for the 
General Electric Company. Appreciation is also expressed to the many 
engineers of the General Electric Company who have offered assistance 
in this undertaking. 
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I* INTRODUCTION 


The need for a method of heat transfer at high temperatures has a- 
risen, which need C£ills for new engineering techniques not previously 
\ised. One of the techniques which must be mastered before this proposed 
heat transfer can be effected is the efficient use of a suitable heat 
transfer medium at elevated temperatures. 

In the past, the conventional method of converting heat into use¬ 
ful work consisted of generating steam in an oil or coal fired boiler 
and routing the steam to a tiirbine where it could be converted into use¬ 
ful work. 

With a heat source of the order of lOOOOF, it is necessary to con¬ 
sider media other than steam to carry the heat away from the heat soxirce. 
In this thesis, I propose to investigate sodium as a heat transfer med- 
i\im at high temperatures and to arrive at a conclusion as to its feasi¬ 
bility for this use. Limitations in its use will be discussed and weighed 
for their relative restrictive powers. 
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II. GENERAL CONSIDERATIONS 


TOien we suggest sodium as a possible liquid metal for use in the 
removal of high temperature heat, we immediately think of the many dan¬ 
gers which are inherent in the handling of the metal. It reacts so vio¬ 
lently with water that it is a menace to any personnel who might be in 
the vicinity. This hazard roust be overcome by making the system enclos¬ 
ing the sodium absolutely leak proof. This is a major achievement in 
itself. A closed system can be made leak proof with a fair degree of 
reliability if there are no moving parts, but with moving parts the 
probability of leaks increases rapidly as the number of moving parts 
increases. 

Let us regard the circulation problem for sodium. In the past, some 
experience has been gained in moving sodium in piping systems by means of a 
pressure exerted by an inert gas, such as argon. Such a method is satisfac¬ 
tory in a system that is not entirely filled with sodium and in which a sup¬ 
ply of gas can be provided to move the liqtiid sodium in one direction. But 
in a recirculating system such as would be necessary in this case, we would 
have to provide a pump which could continuously recirculate the sodium in 
the closed loop. As I see the problem, there are two possibilities for 
such a pump, namely, a mechanical pump or an electromagnetic pump. 

If we use a mechanical pump in our system, we shall have moving 
parts which will present opportunities for leaks to develop, A mechani¬ 
cal piuDp has not been manufacttired which is leak proof, and if one were 
devised that were tight, there v/ould always exist the possibility that 
a leak would develop in the packing. An effective seal for a mechanical 
rotating shaft pump is the bellows-type eccentric drive, A sketch for 
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Figure Electromappietic Pump 


Liquid metal (conductor of electi’icity) will flow in 
pump conduit due to electric duiTcnt and a magnetic 
field angularly dspcsen to each, other and to the 
direction of flowr of liquid metal. Directions of 
current, flux, and liquid metal are indicated by 
ari’ov/s in sketcli. 





such a type of drive is shown in Figure 1* If such a drive were used in 
the sodivuB pump, it would always be subject to a nipture in the bellows 
caused by continuous flexing. A ruptxire would aUow sodium to escape from 
the pump and the hazard of a sodiiim fire woiild exist. 

In order to circumvent the possibility of a leak from a mechanical 
pump, let us consider the feasibility of using an electromagnetic pump 
for circulating the sodium. An electromagnetic pump has no moving parts 
and hence the possibility of a leak is greatly reduced. Figure 2 illus¬ 
trates the general principle of an electromagnetic pump, A limitation of 
this type of pump is the pumping capacity. Perhaps this limitation could 
be reduced by using a number of loops in parallel instead of a single 
loop, and having each of the parallel loops pumped by its own electro¬ 
magnetic pump. Another limitation is high currents in the range of sev¬ 
eral thousands of amperes, and extremely low voltages in the range of 
one volt. The lack of moving parts, however, greatly outweighs the small 
capacity, high current, and low voltage, and such a pump I consider to 
be highly feasible for use with sodium. 

Now let us take a brief look at the properties of liquid sodium as 
shown in Table 1, 

It is noted that the melting point of sodium is 208°F, and the boil¬ 
ing point is 1621°F, Such temperatures will allow the metal to remain in 
the liquid state in a high temperature system without the application of 
pressure. To maintain the heat transfer medium in a single phase during 
operation of the system is a decided advantage, IShen the plant is shut 
down, however, the system must be drained of all sodium so that it will 
not cause damage when it freezes and expands. It could be drained into a 
suitable freeze tank when the plant is shut do?m. 

In order to recharge the system, the sodixim must be melted to the 
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Table 1. Physical Properties of Liquid Sodiviro 



Density 

Viscosity 

Thermal Cond. 

Spec.Heat 


Ib/ft^ 

Ib/ft hr 

BTU/ft^hrOF/ft 

BTD/lb °F 

300 

57.2 

1.32 

47.2 

.331 

400 

56.5 

1.07 

45.5 

.335 

500 

55.5 

.91 

44.0 

,339 

600 

54.6 

.80 

43.1 

.542 

700 

53.8 

.71 

42.1 

.344 

800 

53.0 

.65 

41.4 

.347 

900 

52.1 

.59 

40.9 

.349 

1000 

51.5 

.55 

40.5 

.351 

1100 

50.5 



.353 


T °F 

Surf.Tension 

Coef.of Cub.Exp, 


Ib/ft 

Op—1 

300 

140 X 10-4 

143 X 10-® 

400 

138 X 10“4 

146 X 10-6 

500 

136 X 10“4 

149 X 10-6 

600 

135 X 10”4 

152 X 10-6 

700 

133 X 10-4 

154 X 10-6 

800 

131 X 10-4 

156 X 10-6 

900 

129 X 10-4 

158 X 10-® 

1000 

128 X 10-4 

161 X 10-6 


Melting Point 208°F 
Boiling point 1621°F 
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liqtdLd phase and then pumped Into the system. Preparatory to starting up 
the prime heat source, the liquid sodium should be heated in the piping 
by means of heaters surrounding the pipes and circulated by the pump. 
This will prevent freezing. After the prime heat source has been cut in 
the danger of freezing will have been eliminated. 

The low viscosity of the liquid metal makes for ease in pumping, 
resulting in relatively low pumping loads. At the temperatures consider¬ 
ed pumping should present no problem from a viscosity point of view. 

The density of liquid sodium is such that no severe weight stresses 
would be placed on the containing system by the enclosed metal, since 
the density of sodium is less than that of water. 

In general, the following factors should be considered in remov¬ 
ing heat from a heat source: 

(1) Minimum power consumption for circulating the coolant, 

(2) Minimxmi volume for heat removal, 

(3) Corrosion of the coolant container by the coolant, 

(4) Temperature level, 

(5) Thermal stability for the coolant. 

The above factors will be considered in the succeeding chapters 
and comparisons will be made bwtween sodium and other possible heat 
transfer media. 
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III. PUMPING POWER 


Let xis assmne that the power required for pumping the liquid metal 
through the heat source can be computed by the following equation; 

W = VpAp (1) 

J 

The above equation is valid for media which are incompressible 
during the passage through the heat source. 

For tiirbulent flow, the pressure drop can be calculated by Fan¬ 
ning's equation; 

AP = 2fLu^ (2) 

gD 

The coefficient of friction, f, is plotted as a function of Rey¬ 
nold's number in Figure 3, The pressiire drop arrived at in Equation (2) 
is the pressure drop due to flow through the tube of the exchanger. 

In addition to this drop there are also entering and leaving losses in 
flviid energy which cause a fiirther pressure drop. In general this pres- 
siore drop due to entering and leaving losses is, 

Ap =^(pu2) (3) 

(2g ) 

where k is a constant. Hence we get for the total pressure drop, 

(“““Jtotal = «(i) (4) 

(D) (2g ) 

= (c -► ^k) (pu^) 

or ^ J) pu^ u^ 

2 g 
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(5) 


^ ~ -!L. " q ^ q 
pA pACpAT pCp^lT) 

since we can consider the area. A, as a constant, 

AP pu2 ^ 

For laminar flow, the pressure drop across the tube can be calcu¬ 
lated by Foiseuille's Law: 


AP = 52Lufi (6) 

gD^ 

Since we shall generally encounter Reynold's numbers greater than 2000 
we shall be primarily interested in the equations for turbulent flow, 

A heat balance at the heat soxirce can be set up by the following 
eqxiation: 

Q = wCpAT = VcfCpAT (7) 

Equation (7) accounts for the heat rate of the coolant in passing 
through the tubes with a temperature increase AT, Eqxxation (8) accounts 
for the heat rate in the tube wall. 

Q = hAAt = hnWDLst (8) 

From McAdeiros' Heat Transmission, we csin evaluate h as follows for 
flow inside circvilar tubes: 

h = 0,023(DG)0*®(Pr)0-4(^ (9) 

(h) (D) 

For turbulent flow, we can solve for the dimensionless, W/Q, by 
combining the above equations. This ratio becomes. 
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(10) 


I = (U ( — -) ( M ) 

Q (jg) (Vji^^At) (Cpiip^kPrO.4) 

In using the equations, average values of physical constants 
should be used. For example, the temperature of the coolant at the 
prime heat source and at the coolant pump will be quite different and 
hence these physical constants should be averaged to cover the range 
of temperatures and pressures in the system. 

Equation (10) gives the value of the ratio of pumping power to 
heat transferred. The smaller the value of the ratio W/q, the better 
the system as regards effectiveness of heat transfer and ease of cir¬ 
culation of the coolant. This dimensionless ratio, therefore, is very 
useful in evaluating the feasibility of a coolant under specified con¬ 
ditions. 

The right hand side of Equation (10) is divided into three brackets. 
The first bracket is a constant. The secoixi bracket contains those varia¬ 
bles which are the dimensions of the system and the conditions iinder which 
the system is operating. The third bracket is made up of the physical con¬ 
stants of the heat transfer medium. Let us call this third bracket the 
physical property group, ^ looking at Equation (10) it is easy to see 
that the smaller the physical constant group for any given coolant the 
better will that cooleint be as regards pumping power. 

In Table 2 are listed the physical property groups of water and 
several liquid metals. 

It is noted that tinder turbulent flow conditions soditiro has a lower 
physical property group than all other liquid roetaJ-S listed. Only water 
has a lower physical property group. Inasmuch as the data on the physi¬ 
cal properties of the liquid metals are not too reliable, the values of 
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Table 2, Physical Propearby Groi5)s under turbulent flow conditions 
of water and several liqxiid metals. 


Idqxiid 

= X 

X 

Cp^p^k PrU.^i 


H2O 

,0004425 

1.0 

Na 

.000877 

2.0 

Sn 

.00157 

3.5 

Hg 

.00355 

7.6 

Bi 

.0053 

12.0 

Cd 

.00583 

13,2 

Pb 

,00787 

17,8 
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the physical property groups are not exactly correct. Temperatvires used 
are all above melting points, but properties for a given coolant are not 
all referred to a specified temperature. Although the values of physical 
property groups given are not too accurate, their relative orders of mag¬ 
nitude 8ure fairly reliable, so that some weight can be placed on the 
smallness of the physical property group of sodium as compared with the 
other liquid metals listed. This gives an indication of the low pumping 
power required for sodium as compared with the other liquid metals. 

From the relationship given in Ekjuation (10) we see that W is in¬ 
versely proportional to Vjj2, and It is directly proportion¬ 

al to L^, It is desirable to have low values of W and Vj^, but inasmuch 
as these two quantities v/ork against each other in the equation (when 
one becomes small the other becomes large) we must resolve upon a com¬ 
promise between them. This is the task of the designer when he decides 
upon the volume to be occupied by the coolant in the heat source. The 
three values which can be altered to give low values of W and are 
the length of the coolant passages, L, the temperature difference,AT, 
of the coolant as it enters and leaves the heat source, and the temper- 
atvire difference,At, between the coolant inside tube wall temperature 
and outiside tube wall temperatiire. The heat transfer designer has dir¬ 
ect control over the value of L, but the values of AT and At are only 
remotely under his control,AT is determined by the temperature level 
of the heat source and by the amount of energy that is removed from the 
coolant by the power conversion machinery. The value of At is determined 
by the siae and material of the tubes through which the coolant flows, 

AH other variables being known, the value of L can be determined 
once the ratio of W/D has been set, lHhen L has been determined, the 
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value of D can be determined from the following equation for turbulent 
flow conditions: 


= 0.092 

(Qte^TO’.B PrO.4 ) 


( 11 ) 


Or the number of coolant passages may be computed as follows for 
turbulent flow conditions: 


n = 68,15 fVv,^QAT^Pr2) l/5 

( LWF") 


( 12 ) 


In general, the pumping power is proportional to the voltimetric 
flow rate of the liquid being pumped and the pressure drop in the liqtiid. 


PHP ^ (fti) (lb ) _ (w) (AP) 
(hr ) (rF) (j») 

( q 1) ( ) 

. (C AT f) (C^2 p^tF) 




(IS) 


If we consider the heat rate and temperature drop as being constant 
we can compare the pumping powers required for different fluids on the 
following basis: 


(SEjl = OpgW . (Cp2/0pi)S(f2/fl)2 (14) 

(iW>2 =plW 


Using the above equation as a means of comparing coolants we ob¬ 
tain values of pumping horse powers relative to sodium for various 
coolants as shown in Table 3, Glancing at this table gives one the 
impression that sodium is an efficient pumping fluid, reqxiiring little 
pumping power in comparison with some of the other media listed. 

The values of the pumping horse powers required for helium and air 
are somewhat misleading. The figures listed in Table 3 are for all of 
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Table S, Pumping powers reqviired for various heat transfer media 


as compared with sodium. 


Meditam 

Cp 

P 


PNa/p 


PHP 

Na 

.32 

.97 





1 

K 

.217 

.87 

1.47 

1.11 

3.18 

1.23 

3.9 

Sn 

.0577 

7.3 

5.54 

.133 

171 

.0178 

3.05 

Hg 

.0321 

13.6 

10.0 

.0712 

1000 

.00508 

5.2 

Pb 

.0297 

11.54 

10.8 

.0855 

1260 

.00751 

9.2 

Bi 

.0294 

9.78 

10.9 

.099 

1300 

,0098 

12.75 

Air(lOA) 

.2377 

.00408 

1.344 

237 

2.43 

56,200 

58,000 

He (10A)1.25 

.000565 

.256 

1720 

,0168 

2,960,000 

26,500 
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the heat transfer media passing through tubes of equal diameters and 
equal lengths. The pumping horse powers for air and helium could be 
greatly reduced by using more and larger tubes than we would use for 
a liquid metal. Therefore, the comparative values of sodium and air 
or helium are not quite valid as shown in Table 5, We wotild find it 
feasible to use air or heli\UD only if these media occupied a large 
volume in the prime heat source, but if the volvone is to be small we 
must use a liquid coolant in order to keep low pvimping powers. 
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IV. VOLUMETRIC AND VELOCITY CONSIDERATIONS 


1, Design Equations. 

Let us asstwie a power plant with an output of 8,000 SHP and a ther¬ 
mal efficiency of Z5%» Such a plant would require a heat input at the 
prime heat source of 

(8000/.25 HP)(33000x60 ft.Ib/HP-hr)(1.286x10-3 BTU/ft.lb) = O.lAxlO^ B/hr 

Let us further assume the following: 

Soditun will be circulated through the prime heat source in type 347 
stainless circular tubes whose wall thickness will be proportional to 
the diameter. This ratio of wall thickness to diameter will be 0.08. 

The heat transfer tubes will be distributed in such a way that each 
tube receives heat at the same rate. 

The coolant tubes will be straight tubes arranged in par8Q.lel. 

We shall select three independent variables; L, the length of the 
tubej u, the velocity of the sodium in the tube; AT, the temperature 


rise of the sodium in passing throT;igh the heat sovurce. 

For tiirbulent flow conditions; 

Q = wCpAT = VcpCj/iT (IS) 

Q = hAAT = hnnDLAT (16) 

h = 0.004(DG/>4)0*8(Pr)0»4(k/D) * (17) 

Vc = (nwD^L/4) (u/L) = nirD^/4 ft^/sec (18) 

Pr = Cp^Vk, G = uf 


* The constant, 0.004, is based on Martinelli»s curves, Fig\n:e 4, and dif¬ 
fers from McAdams’ constant, 0.025^ in Equation (9). 



Combining Equations (16), (16) and (17) we get. 


VgCppAT = 0.004(DG4 i ) (Pr) •'^(k/D)nirDLaT (19) 

Combining Equations (18) and (19), 

(niTD^u/4)Cpf2iT = 0.004(Dup/fi)«®(CpH/k)*^(k/D)nirDLAT (20) 

Vd 1-2 = (u).2(pj»g(C )»6(p) .4 (21) 

.016 (k)*’^ ^ 

Substituting the values of the physical constants of sodium, lead, 
and helium in Equation (21), we arrive at the following relationships 
for L, D, and ui 

Soditim: I/d 1«2 r 5,75(u)*^ 

Lead; L/iP-^ = 9.55(u)*^ 

Helium: L/iP-^ = 57.5(u)«2 

From the above three equations for sodiiom, lead, and helium, we 
observe that the length of the sodixim tubes will be much shorter than 
for lead and helium for the same tube diameter and coolant velocity. 
This is a decided advantage for sodium from a design point of view. 

2. Volumetric Equations, 

Vjj = nirD^LA (22) 

Combining Eqiiations (15), (18), and (22), 

Vh = VciA = QL/CpPATu (23) 
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rj 

Using a value of Q equal to 8,14 x 10 BTU/hr, and using the physi¬ 
cal constants for sodium, lead, and helitmi, we arrive at the following 
values of for the three media mentioned: 

Sodium: = 4,88 x 10® (l/^) 

Lead: Vh = 5,8 x 10® (l/^) 

Helium: = 1640 x 10® (l/u/ff) 

PVoro these three equations we observe that sodium and lead have 
volumes of the same order of magnitvide for the same values of L, u, and T, 
HeiJLum, on the other hand, reqxiires roughly foiir hundred times as much 
volume for coolant in the prime heat source as does sodium. 

The amount of metal in the coolant tube walls will be directly pro¬ 
portional to the amo\3nt of coolant in the tiabes. This is apparent from the 
following set of equations: 

A = ,08D 

Dq = = D<'2x,08D = D+.16D = 1,16D 

Vt = n'(DQ)^l/4 = (1,16 )^d2i/ 4 = l,546Vj^ 

• Vn, = VfVh = l,546Vh-Vh = .546Vh (24) 

3, Velocity Eqiiations, 

Solving for u in Equation (23), we get: 

u = ((i/cpf)(l/Vh^) (25) 

S^^bstituting the value of from Equation (22) in Eqmtion (25) gives 

u = (O/Cpp)(4/nUD2AT) (26) 
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Let us assume that n = 200, D = 1" * l/l2», A'l = 250°F. Using the 
particular physical constants for Cp and p, and using a value of Q as 
given previously, we get the following resixlts for the velocities of 
sodium, lead, and helium: 


Sodium: 

u = 4,97 ft/sec 

Lead: 

u = 3,87 ft/sec 

Helium: 

u = 1670 ft/sec 


These results are obtained from Eqviation (26), and from them we 
observe that lead and sodium are within reasonable limits while helium 
has a velocity which exceeds the speed of sound. This of course is im¬ 
possible for helium, and is somewhat misleading. Since a large volume 
of helium would be needed to carry away the heat from the prime heat 
source, the volume for the helium should be greater them the volume for 
sodium under the same conditions. If such were the case the velocity of 
the helium coolant could be brought vrithin reason. Hence from a velocity 
point of view, sodium and lead would be suitable if the volumes were 
fairly small or large, but helium would be suitable only if the volume 
were large. 


( 


20 



V, TEMPERATURE LEVEL 


1. Aasujuptions, 

From a heat trajasfer basis let ns consider a system of heat removal 
from a prime heat soiirce using sodium, lead, merctiry, and helitjro as cool¬ 
ants. We shall assume that the heat transfer medium is flowing through 
round straight tubes each of which receives heat at equal rates. In ad¬ 
dition we shall make the following assximptions: 

Q = 8.14 X lo"^ BTU/hr. 

L = 2 ft. 
n = 200 tiibes. 

at = 950 - 700 = 250OF. 

Tav = (950 + 700)/2 = 8250F. 

=1 in. 

Dq =1.16 in. 

TiJbe wall - Type 547 Stainless. 

2. Sodium. 

Q = wCpAT (7) 

w = Q = (8.14 X 10*^ bAit) = 1.017 x lO^ Ib/hr. Total 
Cj/XT (.32 B/lb,OF)(250^) 

Through each tube, w - 1.016 x 105/200 = 5,085 x 10^ Ib/hr, 

Re = Dup/^^ - (1/12 ft)(5.085 x 10^ Ib/br)f4xl44A- ft^) = 1,214 x 10^ 

' (.64 Ib/ft.hr) 

Pr = C„HA = (.32 B/lb.°F)(.64 Ib/ft.hr) = 0.00495 
^ (41,4 B/hr.ft.op) 
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From ctirves in Figtire 4, we find that for the above values of Re 
and Pr moduli, the Nu modulxis is 


Nu = hD/k = 11.6 


^rfUm) = ^‘6 k/D = 11.6 (41.4 B/hr.ft.OF) = 5780 B/hr.ft^ op. 
' (l/l2 ft) 


In each ttibe, q = ^t (8a) 

(l/hA^) + (VkAjj[) 


Ai =TrDL = ir(l/l2)2 = ir/6 




= - % = Trfl.l6/lg)2 - TT/e = .565 ft 

InA^A^ In 1.16/1 


2 


Siibstituting the known values in Equation (8a) we get; 

8.14 X 10*^ B^r =_ At °F __ 

200 1 .08/12 

(5780x1^6 B/hr,OF) (15x1.08^6. B/hr.'^F) 


At = 4i20F. 


■'(heat source) = = 

3 • • 

w = Q = (8.14 X loVC.0574)(250) = .87 x 10^ Ib/hr. Total 
Cp T 

Throvigh each tube, w = .435 x 10^ Ib/hr. 

Re = Dup/»A = (1/12)(.435 x 10^ x 4 x 144/Tr) = 4.10 x 10^ 

(2.1 X 2.42) 

Er = CpP/k = (.0374)(2.1 x 2.42)/.0384 x 241.9) = .02045 
From Figure 4, Nu = 46.0 
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Figure 4, Theoretical Curves for Heat Transfer to Molten Metals 
for Circular Tubes, 
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h = Nu k/D = 46(,0584x241.9)/(l/l2) a 5130 B/hr.ft^ oF. 

Substituting the known values in Equation (8a), we get: 

8.14 X 10*^ _At_ 

200 iy(5150Tr/6) M .000786 

At = 471°F. 

T(heat source) = 825+471 a 12960F. 

4, Merctiry, 

w = Q/CpaX = (8.14 X 10'^)/( .0318) (250) = 1.02 x 10^ Ib/hr. Total 

Through each tube, w = ,51 x 10^ Ib/hr. 

Re = Dup/fv = (1/12)(.50 X 10^ x4 x 144Ar) = 3.84 x 10^ 

(2.03) 


FT = CpP/k = .00685 
Nu = 25 

h = Nu k/D = 23 X 9.38/(1/12) = 2590 B/hr.ft^ °F. 


Solving Equation (8a), we get: 


T 


(heat sovurce) 


At = 620°F. 

= 825-»-620 = 1445°F. 


5. Helium. 

w = Q/CpAT = (8.14 X 10'^)/(1.25) (250) = 2.60 x 10^ Ib/hr. Total 
Through each tube, w = 1,30 x 10^ Ib/hr, 
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Re = Dup/t* = (1/12) (1.50 x 10^ x 4 x 144/ff) = 2.49 x 10^ 

(.033 X 2,42) 


Er = C HA = (1.25)(.035 x 2.42) = .644 
^ (64 X 10“^ X 241.9) 

Nu = 550 

h = Nu k/D = (350) (64 x 10“® x 241.9)/(l/l2) = 650 B/hr.ft^ °F. 

Substituting the known values in Equation (8a), we get: 

8.14 X 10*^ = _At_ 

200 . . l/(650 x-ir/6) ^ .000786 

At = 1510%, 

T(heat source) = 825-t-lSlO = 2335°F. 

6, Comparisons, 

As seen in the preceding sections of this chapter, 6oditUD,when used 
as a heat transfer medium uxider the same conditions as helium and lead 
and mercury, will require a lower temperature at the prime heat source. 
This in turn calls for less heat input in the prime heat source and con¬ 
sequently economy of fuel. To obtain a heat transfer medium outlet tem¬ 
perature of 900%,,it is necessary that the prime heat soinrce temperature 
at the tube wall be as follows for the media listed: 


Sodium 

1237°F 

Lead 

1296°F 

Mercury 

1445°F 

Heliiam 

2535% 


From the results tabiilated above it is observed that sodium has good 
qualities from a point of view of temperature of the heat sovirce. 
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VI. PHYSICAL PROPERTIES 


1, Density, 

Density of liquid sodium may be coropiited by the following empirical 
equation: 

p = 0,9514 - 2.392 x lO"^ T (27) 

where p is in gm/cm^, and T is in °C, This equation is reliable to within 
± ^ in the temperature range from the melting point of sodium to 700^0, 
From the above equation we can compute the coefficient of cubical 
escpansion as: 

/9 = 2.932 X 10-^/(0.9514 - 2.392 x 10-4) (28) 

The coefficient of cubical expansion for sodium is not too differ¬ 
ent from that of other well known liquids, i.e ,,^ at 20°C is 2,07 x 10-4 
for water and 1,82 x 10“^ for roerciuy. 

The change of volume of sodium on melting is 2,7155 at one atmos¬ 
phere, which is quite normal, 

2. Heat Capacity, 

The values of heat capacity for sodium at high temperatures are as 
- yet not too firmly established. The values listed in Table 1 are believed 
to be fairly reliable, but work is being done at the present time at the 
Bureau of Standards to check and if necessary refine these values. 

The specific heat values of the various liqvdd metals are very im¬ 
portant in the determination of their usefulness as heat transfer media. 
Let us look at the specific heats of several liquids: Lithium (1.407 
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cal/gin,°C)j Sodium (0.32); Potassium (0.217); Gallium (0.080); Tin (0.057); 
Indium (0.057); Mercury (0.0321). The above values are at lOO^C. 

If we are interested in the mariunim amoimt of heat that can be ab¬ 
sorbed per unit volume of the liquid we can make a comparison of the me- 
teils on this basis in the following table. 

Table 4, Heat Capacity per Unit Voltiroe (cal/cm^.°C) 

0.556 
0.31 
0.187 
0.472 
0.423 
0.416 
0.434 

Here we notice not too wide a dispersion of the heat transfer qxial- 
ities when viewed from a volumetric point of view. Sodium and Potassium 
have the lowest volumetric values. Gravimetrically considered, sodivim is 
much better than the other materials with the exception of lithium. 

3. Surface Tension. 

Surface tension for sodium may be computed from the following formula: 

cr= 211.5 - 0.04848(TOC) dynes/cm. (29) 

Values of surface are listed in Table 1. 

4. Thermal Conductivity. 

The thermal conductivities of sodium have been very difficult to 
determine over a temperature range. The Naval Research Laboratory is at 


Lithitim 

Sodium 

Potassium 

Gallium 

Tin 

Indium 

Mercxiry 
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the present time engaged in such research. Their values are in fair 
agreement ?fith the values listed in Table 1, In general the following 
equation is reliable: 


k = 0.216 - 1,294 X lO-^T (30) 

where k is in cal/ciD^,sec,°C/cm, and T is in °C. 

Reliability of Equation (30) ist0,005 cal/cn2,sec,oc/ciD, 

5. Heat Transfer Coefficient, 

V/e are particularly interested in the heat transfer coefficient 
of sodium in considering the liqtiid metal as a heat transfer medium. The 
heat transfer coefficient will in general be determined by the temperature, 
velocity of the sodi\im, and the diameter of the pipe containing the sodium. 
The heat transfer coefficient can be defined by the following equation: 

Q = hA(T^ ~ Ti) (31) 

where T^ is the temperature of the tube wall, and T-j^ is the temperature 
of the liquid. 

Actually it is diffic\ilt to compute "h" from the above equation, 
and a much more simple method is in the relationships that have been 
worked out between Reynolds, Prandtl, and Nusselt Numbers, Knowing vel¬ 
ocity and diameter and temperature, we can compute Reynolds number. 

Re = Dup/m. Prandtl nxunber can be computed, Pr = CpM/k, With these two 
numbers as arguments we enter Figure 4 and find the corresponding Nusselt 
number. With this veilue known we can compute "h” from Nu = hD/k, 

The ciirves plotted in Figure 4 are based on R.C. Ifeirtinelli's work 
and are believed to be reliable. 
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6, Melting and Boiling Points, 

The temperature range over which sodium is liquid is 97,5°C. to 
880°C, This is a fairly good temperature range for use in a high tempera¬ 
ture heat exchanger but the highness of the melting point can act as a 
disadvantage. Gallium, for example, has a much better range, extending 
from 30^0, to 2000°C, Gedlitun is undoubtedly the best liquid metal cool¬ 
ant when considered from a liqviid phase temperature range, but it has 
some drawbacks. Tin melts at 231,9°0, and boils at 2270OC, The tempera¬ 
ture range of the liquid state of tin is thtis somewhat wider than for 
gallium, but the higher melting point of tin, 251,9°C,, makes it unde¬ 
sirable, The metal indium (melting point 155°C,, boiling point 1450°C,) 
is intermediate between sodiviro and tin in melting points and boiling 
points. Its cost, however, is prohibitive, and it is doubtful whether 
it could be obtained in sufficient quantities to be used in a heat ex¬ 
changer, Mercury is liqxdd at room temperattire, which is very desirable, 
but it has a low bo ilin g point, 557^0, The toxic natxire of mercury vapor 
is a further disadvantage of using it as a coolant, Potassium melts at 
62,3°C, and boils at 758°C,, which is approximately of the same range as 
sodium. It, like sodium, is very reactive with water and water vapor, and 
hence presents a hazard similar to sodiTom, Lithium melts at 186°G,, and 
boils at 1609°C, a fairly good range except for the high melting point. 
Lead melts at 327^0, and boils at 1603OC. 

Reviewing the above melting and boiling points, we observe that only 
two of the materials mentioned have lower melting points than has sodium. 
These are gallium and potassium (mercury is not included since it is nor¬ 
mally in the liquid phase). Availability of sufficient amounts of gallium 
limit its potentialities and hence it cannot be considered as a serious 
contender, Potaspiuro is quite similar to sodium and its temperature 
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range is favorable. With a melting point of 97.5°C, not too much heat 
is required to maintain the metail in the liquid phase which is a de¬ 
cided advantage in its use as a heat transfer medium. The boiling point 
at 880°C, is in the vicinity of the melting point of high temperature 
metals and hence this is considered to be a safe upper limit for operat¬ 
ing temperatures. 
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VII.CHEMICAL PROPERTIES 

Sodium is well known for its great chemical activity. In this chap¬ 
ter we shall consider the activity of sodi\jm with some of the substances 
with which sodium may come in contact in heat transfer work. These euib- 
stances which we shall consider are: oxygen, water, and metalljLc oxides. 

1, Sodium and Oxygen, 

Oxygen reacts with sodium very readily to form NaigO in accordance 
with the following reaction; 

2Na(s) +i02(g)-^Na20(s) 

The heat and free energy of this reaction are: 

AH = -94,736-<-20.04T-6,32 x lO'^T^ -686.6T2 
= -94,736-20.04TlnT-H6.32 x 10"%^ -1173.2T2+197.89T 

Energies are in gram calories, and temperatures in °K, 

NagO is a crystalline powder which has corrosive effects on most al¬ 
loys. It shotild be gimrded against in a sodium system because of this ef¬ 
fect, and if it is present it should be removed from the system by cold 
traps or filtration. For this reason the sodium system should be evacuated 
down to a fairly good vacuxiro (less than 100 microns) before the sodium is 
admitted. 

The vapor pressure of NagO has been estimated to be: 

log p^„ = 7.755 - 7704/T 

From this eqiiation the normal boiling point of Na^O is computed to be: 

T = 7704 = 7704^ = 7704/4.875 = 15800K = 1307OC. 

7,755 - log 760 7.755 - 2,88 
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NagO, even though it is heavier than sodium, will tend to float on 
the surface of molten sodixmo at temperatures below 125°C. Above this tem¬ 
perature, however, the sodium will wet the NagO and the latter will sink 
in the molten sodium, forming a sludge which can be filtered out, 

2. Sodivim and Water. 

Sodium and water react in accordance with the following equation; 

2Na+ 2H2O 2NaOH -HHg 

This is quite an explosive reaction. In an inert atmosphere this 
explosiveness is caused by the rapid generation of hydrogen and steam 
and the sudden release of heat. If air is present there also exists the 
rapid reaction of hydrogen and oxygen. Research is beiiig done at the 
present time by the Naval Research Laboratory on the speeds of these 
reactions, 

3. Sodium and metallic Oxides. 

In general, sodium will react with a metallic oxide in accordance 
with the following equation: 

bNa-» bNagO + aM 

There are many metals whose oxides are reduced by sodium and others 
which can reduce NagO to free sodium. The direction in which the reaction 
proceeds depends upon whether the free energy of formation of the metallic 
oxide is greater or less than the free energy of formation of Na^O, 
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VIII.CORROSION 


Corrosion by sodiirm is such that it must be considered, in designing 
a sodium system. It has been determined that the corrosion rate of sodium 
is directly proirartional to the oxygen content in the liquid metal, NagO 
will cause coirosion with the jxjssibility of pipe plugging caused by cor¬ 
roded particles. This is extremely iindesirable and must be avoided if it 
is desired to have a system which demands little maintenance attention. 

The problem of reducing NagO content in sodium roust be faced if a 
sodium coolant is to be used. Oxygen content in sodixim can be reduced to 
approximately ,0656 by fine filtration. Such degree of purity in sodium 
will only give fair results in the battle against corrosion. It has been 
determined that purity in the range of ,01% oxygen or less will be needed 
in order to assure that the soditim system will be free of plugging over a 
reasonably long operating period. Techniques for preparing sodium of this 
purity are now being investigated and at the present time it appears that 
distillation and the use of a "getter" such as calciiiro are the roost ef¬ 
fective methods. This is one of the problems which must be solved before 
sodium can be used as an efficient heat transfer meditim. 

The corrosion rate of NagO on iron is as follows at 500°C.: 

RgOoOc = 2 X 10“® mg/cm^jhr, for sodium which is saturated with oxygen. 

In general the corrosion rate follows the curves shown in Figure S, 

In this Figiire, is the roaximuro corrosion that will take place at a 
specified temperature after an elapsed period of time such that no further 
corrosion will take place with increase in time. 

The curves plotted in Figure 6 are the results of dynamic corrosion, 
i,e,, corrosion in which the corroding fluid is in a state of motion past 
the corroded metal. The results of a static corrosion test for sodium 
reveal the curve shown in Figure 5* 
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Let iis compare the solubility of iron in liquid sodium and in li¬ 
quid mercury. We shall consider the sketch in Figure 7, 

In this Figure we note that the iron atoms are vigorously attacked 
by mercury surface layer, and that they move from the solid iron to this 
layer rapMIy, But in going from the mercury sxirface layer to the mercury 
they travel slowly. 

In the case of sodium, these steps are reversed, the iron atoms first 
travelling slowly and then rapidly into the liquid sodium. 

The summation of the two processes we call the solubility, and the 
first step in each case we call the corrosion. From an analysis of Figure 
7, we leeOTi that even though the solubility of iron is greater in sodium 
than it is in mercury, the corrosion of iron is less in sodium than it is 
in mercury. This statement appears to be a paradox, but nevertheless is 
true. 
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IX. HANDLING 


The handling of soditmi is inherently dangerous. The seriousness of 
the effects of mixing sodium with water are such that all precautions 
must be taken to prevent water from coming in contact with the sodium. 
Personnel who are handling sodium roust at all tiroes wear protective gog¬ 
gles to guard their eyes from flying sparks from the sodium. Asbestos 
clothing will protect other parts of the body from ignited sodivim. 

The safety measures for handling sodium call for the quick availa¬ 
bility of sodium fire extinguishers in the event that a sodium fire 
should start. Smothering has proved to be the roost effective means of 
extinguishing a sodium fire. The smothering material roust be dry in order 
to be effective. Rock dust (CaCOg) and KCl are both very good for this use 
and have been very effective in fires which I have observed. Rock dust is 
conceded to be superior in extinguishing sodium fires. The following com¬ 
parative results have been obtained, which illustrate the extinguishing 


properties of KCl and GaCOg: 

Quantity of Dust Propellent Extinguishing Quantity of 

Na ignited, lbs. Used Used Time, min. Dust Used. Iba 

SO KCl Air 10 420 

50 CaCOg Air 9.8 560 

50 CaCOg Ng 6.7 240 

Because of its violent explosiveness with water, sodituu must be con¬ 
tained in a system which has a very high degree of tightness. Liquid sod¬ 
ium is very penetrating, so that it will find cracks, holes, and passages 
in walls that are normally resistant to water flow. For this reason all 
welded joints in the sodium system must be tested for integrity with the 
mass spectrometer, and imperfect welds roust be corrected before the li— 
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quid metal is admitted. This is a slow and tedious process which must 
he placed on the check-off list of any sodium system, 

TIThen sodium is being stored, it is good practice to place an inert 
gas above the sodium. Temperature and humidity conditions should be such 
that sweating on the inside of the container will be prevented. If sweat¬ 
ing shoxild occur in the sodium side of the container, the resulting ex¬ 


plosion might be disastrous. 

The protection against sodium at 550 and 550°C, offered by articles 


of protective clothing made of the following materials is listed below: 


?i[aterial 


Leather 

Laminated bakelite 

Rubber 

Lucite 

Wool 

Cotton 


Protection 
550i^ ^0°C, 


EKCellent 

Excellent 

Excellent 

Excellent 

None 

None 


Excellent 

Excellent 

None 

None 

None 

None 
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X. CONCLUSIONS 


Before stating oxrr decision as to the feasibility of sodiujD as a 
heat transfer meditiin, let us look at the desirable qualities which we 
consider such a medium should have. These qualities are listed as fol¬ 
lows: 

1, The heat transfer roedivun should have a minimum possible volxune, 
Sodixim satisfies the volumetric requirement fairly well. Lead would re¬ 
quire less volume, and helixun would require many times more volume, 

2, It shoxild be circulated at a reasonable velocity, Soditim is fair 
as regards velocity. The velocity of lead is less than that of sodium; 
that of helium is excessive, 

3, There should be low power consumption in pumping. Sodium is ex¬ 
cellent insofar as it requires very little pumping power as compared with 
the other elements. In this respect sodium is outstanding, 

4, It should have a high heat transfer coefficient, and high coef¬ 
ficient of thermal conductivity. In both of these qualities, sodiiun is 
better than many of the possible heat transfer media, and in general 
these qxmlities are considered good for sodivun, 

5, The temperature of the heat sovirce should not be excessive. This 
temperature level is lower for sodium than for lead, mercury, and helitim, 

6 , The melting point should not be high, and the boiling point 
should not be too low. Sodium has a good range of melting point to boil¬ 
ing point. The span is better than for most elements, with the melting 
point fairly low, 97,5°C, 

7, The heat transfer medium must not corrode the materials with 
which it comes in contact. The corrosion hazard is always present in 
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sodium and great care must be taken to eliminate this corrosion potential 
by reducing the amounts of oxygen present in the sodium, 

8 , It roust be at a low pressoire. High pressures are not necessary 
for sodium. Gases roust have high pressures unless the volumes are very 
great, 

9, It must be easy to handle. Sodium is difficvilt to handle, and 
this is one of its principal drawbacks, together with its explosiveness 
when mixed with water, 

10, It must be available in the reqtiired amounts. Availability of 
sodium is good, DuPont Company is the principal supplier of sodivim in 
the bulk. This product, however, must be purified by one of the process¬ 
es mentioned before it can be used as a heat transfer medium. 

It would be difficult to discover a liquid which wotald posses all 
of the above qualities. If such were the case our heat transfer problem 
would not exist. Since we do not have such a liquid we roust select one 
which possesses good promise as a heat transfer medium. 

It is considered feasible to use sodivtro as a heat transfer medium 
if proper precautions are taken in its handling. The potential danger 
which is ever prevalent in sodivun is its main disadvantage, and if this 
disadvantage can be overcome by adeqtiate safety measures, sodiijro can be 
a very good heat transfer medium for use at high temperatures. Adequate 
safety meastires are deemed possible. 
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